The ESCRT machinery mediates sorting of ubiquitinated transmembrane proteins to lysosomes via multivesicular bodies (MVBs) and also has roles in cytokinesis and viral budding. The ESCRT-III subunits are metastable monomers that transiently assemble on membranes. However, the nature of these assemblies is unknown. Among the core yeast ESCRT-III subunits, Snf7 and Vps24 spontaneously form ordered polymers in vitro. Single-particle EM reconstruction of helical Vps24 filaments shows both parallel and head-to-head subunit arrangements. Mutations of regions involved in intermolecular assembly in vitro result in cargo-sorting defects in vivo, suggesting that these homopolymers mimic interactions formed by ESCRT-III heteropolymers during MVB biogenesis. The C terminus of Vps24 is at the surface of the filaments and is not required for filament assembly. When this region is replaced by the MIT-interacting motif from the Vps2 subunit of ESCRT-III, the AAAATPase Vps4 can both bundle and disassemble the chimeric filaments in a nucleotide-dependent fashion.
INTRODUCTION
Eukaryotic endosomes coordinate the movement of proteins between the plasma membrane, the trans-Golgi network, and the lysosome/vacuole . Proteins that are delivered to the lysosome/vacuole pass through late endosomal structures called multivesicular bodies (MVBs), which consist of a limiting membrane enclosing intralumenal vesicles (ILVs) formed by the invagination of the outer membrane into the lumen (Haigler et al., 1979) . Mono-ubiquitination serves as the major entry signal for proteins into the MVB pathway (Katzmann et al., 2001; Piper and Luzio, 2007) . Protein sorting into the internal vesicles of MVBs is regulated by the four endosomal sorting complexes required for transport, ESCRT-0, -I, -II, and -III. Mutations in genes encoding ESCRT subunits cause enlarged, ''class E,'' endosomal compartments, and result in sorting defects (Raymond et al., 1992; Odorizzi et al., 1998) . ESCRT complexes coordinate the recognition and enrichment of ubiquitinated cargo proteins in regions on endosomal surfaces that bud inward to form ILVs. The AAA-ATPase Vps4 catalyzes the dissociation of the ESCRT machinery from endosomal membranes and is essential for MVB biogenesis and function (Williams and Urbe, 2007; Saksena et al., 2007; Hurley, 2008) .
The ESCRT-III complex consists of four core subunits, Vps2/ CHMP2, Vps24/CHMP3, Vps20/CHMP6, and Snf7/Vps32/ CHMP4 (Babst et al., 2002) and several ESCRT-III-like proteins, such as Did2/CHMP1 and Vps60/CHMP5. All ESCRT-III subunits share a common architecture, with a basic N terminus and an acidic C terminus (Babst et al., 2002) . The crystal structure of the core of human CHMP3 consists of an asymmetric four-helical bundle that is likely to be representative of all ESCRT-III subunits (Muziol et al., 2006) . These subunits exist as monomers in the cytosol, but form functional lattices of undefined stoichiometry on endosomal membranes (Babst et al., 2002; Bowers et al., 2004) . The inactive monomeric form of the subunits is maintained by interactions between the autoinhibitory C terminus and the N-terminal portion of the subunit (Lin et al., 2005; Zamborlini et al., 2006; Muziol et al., 2006; Shim et al., 2007; Lata et al., 2008) . How this autoinhibition might be relieved in vivo is unclear, although interactions with other MVB pathway proteins, such as Vps25 (ESCRT-II), and/or membrane binding may account for this. How the ESCRT-III subunits assemble on endosomal membranes is also unclear. Vps20 has a myristoyl group at its N terminus that contributes to membrane binding (Babst et al., 2002; Yorikawa et al., 2005) , and the CHMP3 core structure has an extensive, membrane-binding basic surface (Muziol et al., 2006) . Human Snf7/CHMP4 binds phosphoinositides in vitro, and when overexpressed in cells forms large polymers on membranes (Lin et al., 2005; Hanson et al., 2008) .
The four core ESCRT-III subunits are necessary for cargo sorting in yeast, and deletion of any of these results in class E compartments. ESCRT-0 (Hrs) and ESCRT-I (TSG101) subunits have a role in ILV formation (Razi and Futter, 2006; Lloyd et al., 2002; Doyotte et al., 2005; Rieder et al., 1996; Odorizzi et al., 1998) . In contrast, recent studies have shown that CHMP3-depleted cells can form ILVs (Bache et al., 2006) , as can cells depleted of ESCRT-III-like subunits CHMP1/Did2 (Nickerson et al., 2006) or CHMP5/Vps60 (Shim et al., 2006) , suggesting that ESCRT-III may also have roles in later stages of the pathway.
ESCRT-III subunits recruit the ESCRT-associated protein ALIX (Kim et al., 2005) and the deubiquitinating enzymes UBPY and AMSH to endosomes (Row et al., 2007; Zamborlini et al., 2006; Agromayor and Martin-Serrano, 2006) . Recently, non-MVB functions for several ESCRT-III components have been identified . ESCRT-III has been implicated in the autophagy pathway and in the clearance of protein aggregates that characterize neurodegenerative disorders (Forman et al., 2004; Lee et al., 2007; Filimonenko et al., 2007) . Mammalian ESCRT-III also has a role in retroviral budding, as do ESCRT-0, -I, and the ESCRT-associated protein AIP/ALIX (Martin-Serrano et al., 2003; von Schwedler et al., 2003) . ESCRT-III components have also been shown to concentrate at the midbody during cell abscission in cytokinesis (Morita et al., 2007; Carlton and MartinSerrano, 2007) , a process that is topologically similar to retroviral budding and ILV formation.
The C termini of the ESCRT-III proteins Vps2 and Did2 contain a consensus sequence (D/E)xxLxxRLxxL(K/R) that is recognized by the N-terminal microtubule-interacting and transport (MIT) domain of Vps4, the AAA-ATPase responsible for disassembling ESCRT complexes from the endosomal membrane (Obita et al., 2007; Stuchell-Brereton et al., 2007; Vajjhala et al., 2007; Nickerson et al., 2006) . Like other AAA-ATPases, Vps4 functions as an oligomer. Upon ATP binding, Vps4 may form a dodecamer or tetradecamer, consisting of two stacked rings (Yu et al., 2008; Hartmann et al., 2008) . The double ring structure of Vps4 is greatly stabilized via an interaction with the Vta1/LIP5 protein (Azmi et al., 2006; Fujita et al., 2004; Lottridge et al., 2006; Scott et al., 2005; Ward et al., 2005 ) that also has a MIT domain capable of selectively recruiting some ESCRT-III subunits Xiao et al., 2008) .
We find that recombinant ESCRT-III subunits form lattices in vitro. Using electron microscopy (EM), we have determined the 25 Å resolution structure of helical filaments of yeast Vps24 (ScVps24). Mutations of residues forming contacts in these filaments prevent filament formation in vitro and cause cargo-sorting defects in vivo, suggesting that these homopolymers may mimic heteropolymers formed in cells. Vps4 induces both curved bundling and disassembly of chimeric ESCRT-III subunits that were designed to simultaneously form lattices and interact with Vps4. Disassembly of the protein lattices requires both ATPase activity and the MIT domain of the Vps4.
RESULTS

ESCRT-III Proteins Form Lattices In Vitro
The majority of purified recombinant full-length yeast Vps24 (ScVps24) (residues 1-224) elutes on gel filtration at a volume consistent with a monomer or a dimer. However, when this material is concentrated to 10 mg/ml, nearly half of it appears to be polymeric, as it can be readily pelleted in high-speed centrifugation (see Figure S4 available online). EM analysis of ScVps24 solutions concentrated in gel-filtration buffer (20 mM Tris [pH 8.0] , 100 mM NaCl) shows that this material forms extensive helical filaments ( Figure 1A ). These filaments persist even if the material is subsequently diluted in gel-filtration buffer to 0.07 mg/ml (2.5 mM). The negatively stained filaments are heterogeneous in length (80-2000 nm) with a relatively homogeneous diameter (15 nm) and can twist extensively along their length. Wider filaments that were shorter and more rigid were also observed, although these were rare ( Figure 1A , inset ii). Analytical equilibrium ultracentrifugation shows that the recombinant nonpolymeric fraction of Vps24 (i.e., the fraction that is not immediately pelleted) exists as monomers in solution (data not shown). In contrast to ScVps24, human Vps24/CHMP3 did not form filaments. Among the other yeast ESCRT-III proteins (Vps2, Snf7, and Vps20), only Snf7 forms homopolymers in gel-filtration buffer in vitro. Snf7 polymers are extensive and organized into large sheets, rings, and filaments ( Figures 1B-1D ). However, due to their irregular character, the ScSnf7 polymers have not yet been amenable to structural characterization.
Single-Particle Helical Reconstruction of ScVps24 Filaments
Initial attempts to characterize ScVps24 filaments with FourierBessel methods revealed the most common filaments to be two-stranded, helical structures, whereas less abundant, wider filaments were three-stranded helices ( Figure 1A ). Even wider filaments, perhaps representing higher-order helices, were also observed, but were too rare for effective characterization. Our structural characterization focused on the two-stranded filaments due to their abundance. Analysis of a total of 85,000 overlapping segments of two-stranded ScVps24 filaments revealed a highly variable pitch, ranging from 240 to 350 Å , consistent with their flexibility (see Movie S1). Due to the heterogeneity of the data, traditional methods would tend to average these states together (DeRosier and Klug, 1968) . Therefore, we used the iterative helical real-space reconstruction (IHRSR) approach for further structural characterization (Egelman, 2000) . In order to get homogeneous data sets suitable for single-particle analysis, the segments of the two-stranded filaments were sorted by pitch, based on their crosscorrelations with projections from 12 reference volumes ( Figure S1 ). Based on their diffraction quality, six subsets (260, 270, 280, 290, 300, and 310 Å ) were chosen from which independent IHRSR reconstructions were generated. The most populated pitch subsets were 270 and 280 Å , although there was still significant heterogeneity even within these. Further sorting was ruled out, as a balance between homogeneity and the number of segments per subset had to be maintained. The reconstructions did not differ significantly as a function of pitch. The 260 Å pitch subset reconstruction is shown in Figure 2 , because this subset gave the best diffraction, with a resolution of 25 Å (Yang et al., 2003) . For the more rigid, three-stranded filaments, a reconstruction was generated from 900 segments, although due to the small data set the stability of this solution is not comparable to the two-stranded data and we cannot be confident of the resolution beyond 35 Å (data not shown).
The helical reconstructions revealed a characteristically smooth surface running down the length of the filament, with large caps or ''knuckles'' on the outer surface ( Figure 2A ). The high-resolution crystal structure of the core of human Vps24 (CHMP3) (Muziol et al., 2006) was used as a model for ScVps24 during manual fitting into both the two-and three-stranded reconstructions. The core of the Vps24 subunit (residues 9-183 from the 222 residue full-length subunit) is an asymmetric fourhelix bundle, consisting of a long helical hairpin formed by helices a1 and a2 packed against a shorter helical hairpin, made up of helices a3 and a4. Although residues 9-183 of human Vps24 form antiparallel dimers in the crystal structure, and crosslinking suggests that a further truncated form of the subunit (9-163) can form dimers in solution, both full-length and 9-183 human Vps24 are monomeric in solution (Muziol et al., 2006) . Furthermore, yeast Vps24 is also a monomer in solution. Extensive efforts to manually fit the dimeric unit seen in the crystal structure of human Vps24 into the reconstructed helical volume were unsuccessful. However, we could readily model single Vps24 subunits into the helical reconstruction. We modeled the ScVps24 filaments with molecules having their longest axis running along the smooth surface of the filament at an angle of 60 with respect to the z axis. The loop of the a1/a2 helical hairpin points toward the center of the filament, and the C terminus (equivalent to residues 184-222 of human Vps24, which are not present in the crystal structure) radiates outward, with the C termini of two Vps24 molecules from one strand contributing to the density of each knuckle ( Figure 2C ). However, the C-terminal region is not necessary for filament formation, because purified ScVps24 1-186, lacking the C terminus, is able to form filaments, although they are more disordered and have a reduced diameter (11 nm) (data not shown). If the crystallographically observed dimer (dimer 1 of Muziol et al., 2006) were present in a radial arrangement, the two-fold symmetry would dictate that one C terminus of the dimer would be at the center of the filament and the other at the periphery, an arrangement that is inconsistent with our observation that the C terminus is not essential for filament formation. If this putative dimer were arranged tangentially to the helix, both C termini could protrude away from the filament. However, such an arrangement would leave a hole down the center of the filaments, which is not consistent with the reconstructed density. There is a region of lower density that can be seen as a pocket roughly halfway between the knuckle and the center of the filament (Figure 2 ). Avoiding threading protein through this pocket further restricts fitting a dimer into the helical reconstruction. The extreme N terminus of Vps24 (equivalent to residues 1-9 of human Vps24, which is not present in the crystal structure) is also expected to contribute to knuckle density. The repeating unit of the filaments appears to contain two molecules of Vps24 ( Figure 2B ) and is repeated approximately nine times per turn on each strand, resulting in 36 molecules per turn of a two-stranded helix.
The Intra-and Interstrand Packing within a Filament There are two molecules within a repeating unit of each strand in the filament, molecules A and B (Figure 3 ). These are arranged so that each of the two strands of the filament consists of two layers, an A layer and a B layer. Within the A layer, successive molecules are roughly parallel to each other, with helix a4 of one molecule packing into the interhelical groove of the a1/a2 helical hairpin from an adjacent molecule in the same layer (A/A +1 contact in Figure 3B ). Within the B layer, successive molecules are also approximately parallel, with helix a4 of one molecule packing against helix a1 of the next molecule (B/B +1 contact in Figure 3 ). In both layers, additional contacts are made between the a3/a4 loop and helix a1 of adjacent molecules. Contacts between layers within a strand involve helices a2 and a3 of the A layer interacting with the B layer a1/a2 loop and helix a1, respectively ( Figure 3C ). Two types of contacts hold the two strands of the filament together. First, the B molecules from opposite strands contact each other at the center of the filament, with the N-terminal ends of their helices a2 in a headto-head fashion. These residues in a2 are equivalent to those essential for head-to-head dimerization of human CHMP3 (dimer 2 in Muziol et al., 2006) . Second, a molecule from the A layer of one strand uses its a1/a2 loop to contact the middle of helix a2 of a molecule in layer B of the other strand ( Figure 3D ). There are no contacts between the A layer in one strand and the A layer from the other strand of the filament. All of the contacts in the model of the helical reconstruction are summarized in Figure S2 .
Mutations Affecting Filament Formation
In Vitro Also Affect Sorting In Vivo Because of the low resolution of the reconstruction, there is some uncertainty of the molecular interpretation of the filaments, so we carried out site-specific mutagenesis to test the contacts predicted by the model and their biological importance. Helix a4 (residues 125-138) and the a3/a4 loop (residues 118-124) are central to packing between molecules within a strand ( Figure 3B ), packing along the a1/a2 hairpin (contacting region 35-45 of helix a1 and region 71-78 of a2). Our mutagenesis data show that the a3/a4 loop and a4 are essential for filament formation (Table 1 and Figure 4) . Importantly, circular dichroism spectroscopy indicates that these mutations do not unfold Vps24 ( Figure S3 ). Mutations in the a3/a4 loop and in a4 prevent formation of filaments immediately upon concentration (R120E/ L121D, L124D/R125E, K133D/E134A, R120E/L124D/K133D, K133D/E134A/ K137D, or L121D/Q123R/R125E/E130R; Table 1 ). However, for two of these mutants (K133D/E134A and L121D/Q123R/ R125E/E130R), filaments eventually form after 4 days of incubation at 4 C (Table 1). The lack of polymeric assembly for these mutations is also evident in an analysis of their behavior in ultracentrifugation ( Figure S4 ). Double mutations in the a3/ a4 loop and a4 (K133D/E134A, R120E/ L121D, or L124D/R125E) expressed in a DScVps24 yeast strain produce cargo-sorting defects, with carboxypeptidase S (CPS) accumulating in class E compartments ( Figures 4J-4R ). Furthermore, a point mutation of a residue involved in packing between the A and B layers within a strand, K55A in the a1/a2 loop, prevents filament formation in vitro (Table 1) . Expression of the K55S mutant in a DScVps24 yeast strain leads to CPS-sorting defects ( Figures  4D-4F) .
Mutation of residues involved in contacts between two strands in a filament (L63D and D57R/R59E/L63D/K66E/Q70R) prevents immediate filament formation (Table 1 ; Figure S4 ), but filaments do form after 4 days at 4 C ( Table 1 ). The fact that these interstrand mutations did not completely abolish filament formation suggests a degree of freedom in the interstrand contacts. This is consistent with the flexibility of the filaments and the presence of multistranded helices. It is likely that ScVps24 molecules are able to flex relative to one another within the constraints of the helix. In vivo, expression of an L63D mutant in a DScVps24 strain resulted in CPS-sorting defects ( Figures 4G-4I ). The crystallographic antiparallel dimer observed for CHMP3 (dimer 1 in Muziol et al., 2006) is not present in our model of the filament reconstruction. Y79, a residue in the CHMP3 antiparallel dimerization interface (Muziol et al., 2006) , is also involved in packing within the A layer of filaments, but its mutation (Y79R) did not affect in vitro filament formation (Table 1; Figure S4 ). We find that residues in the extreme N terminus (residues 1-9) of ScVps24, specifically Lys5 and Lys6 (Table 1; Figure S4 ), are essential for filament formation. However, because this region is not present in the CHMP3 crystal structure, we could not model the interactions it forms. Although ScVps24 residues 1-9 are necessary for filament formation, they are not sufficient to confer filament formation, because a chimeric protein consisting of ScVps24 residues 1-9 directly fused to residues 10-222 of human CHMP3 failed to form filaments (data not shown).
ScVps24-ScVps2 Chimeric Filaments Can Be Bundled and Disassembled by the ATPase Vps4
In vivo, the AAA-type ATPase Vps4 disassembles the ESCRT lattice from endosomal membranes in an ATP-dependent fashion . It has been shown that the N-terminal MIT domain of Vps4 recognizes a (D/E)xxLxxRLxxL(K/R) motif in the C termini of the ESCRT-III proteins Vps2 and Did2 (Obita et al., 2007; Stuchell-Brereton et al., 2007) . This interaction recruits the ATPase to the endosomal membrane. However, Vps2 and Did2 do not have the same lattice-forming capabilities in vitro as the Vps24 and Snf7 subunits. In order to investigate the ability of Vps4 to disassemble ESCRT-III lattices in vitro, we designed a chimeric ESCRT-III subunit that could both form lattices and recruit Vps4. The chimera consists of the N-terminal helices a1-a5 of ScVps24 (residues 1-179) and the C-terminal, Vps4-binding region of ScVps2 (residues 181-232; Figure 5A ). This chimera forms filaments that are indistinguishable from wildtype ScVps24 filaments ( Figure 5B ). Vps4 in the presence of ATP was able to disassemble preformed chimeric filaments, as indicated by the absence of filaments upon negative staining and EM ( Figures 5C and 5G ) but had no effect on wild-type ScVps24 filaments ( Figure 5D ). In the presence of ADP, Vps4 caused the chimeric filaments to arrange into extensive cables (Figures 5E), presumably consisting of oligomers of Vps4 bound to ScVps24 subunits from multiple filaments. Vps4 with ADP had no effect on wild-type ScVps24 filaments (Figures 5F). The ability of Vps4 to disassemble these chimeric filaments was also examined by sedimentation. At a concentration of 2.5 mM, most of the Vps24-Vps2 chimera readily sediments, suggesting that it is present as large assemblies ( Figure 5J ). This is unaltered by incubating the chimera with Vps4 and ADP. However, when incubated with Vps4 and ATP, the Vps24-Vps2 chimera redistributes to the supernatant ( Figure 5H ), consistent with the disassembly inferred from the EM results.
Because Vps4 binds ESCRT-III proteins via its MIT domain, we next tested whether the MIT domain mediates the bundling of N/A N/A, not applicable. a After purification, all mutant and wild-type proteins were concentrated to 10 mg/ml. Aliquots of the concentrated protein were then diluted to 1 mg/ml to prepare grids for EM analysis. If no filaments were visible in this initial examination, the protein stock was incubated at 4 C for 3-4 days and new EM grids were prepared. Some of the mutants that had no filaments in the initial analysis eventually formed filaments after the extended incubation.
Structure
Structure of Yeast Vps24 Helical Filaments chimeric filaments. We found that Vps4 mutated in a residue in helix 3 of the MIT domain, which makes essential contacts with ESCRT-III (L64D; Figure 6 ), and DMIT-Vps4 (data not shown) were unable to either disassemble the chimeric filaments in the presence of ATP or bundle them in the presence of ADP and had no effect on wild-type ScVps24. In order to determine whether the ScVps24-ScVps2 chimera represents a ''minimal'' unit of the ESCRT-III machinery that can simultaneously form lattices and recruit ScVps4, the chimera was expressed in yeast cells lacking either the Vps2 or Vps24 subunit. The chimeric protein was not able to rescue sorting defects for either of these deletion strains ( Figure S5 ). This suggests that the C terminus of ScVps24 and the N terminus of ScVps2 have important functions in vivo that remain to be characterized.
DISCUSSION
The ESCRT-III subunits exist as soluble monomers in the cytosol and transiently assemble on endosomal membranes to facilitate cargo sorting and ILV formation. For ESCRT-I and -II, the architecture and stoichiometry of the complexes have been characterized. Although numerous biochemical and genetic studies demonstrate specific interactions between the ESCRT-III subunits and suggest that ESCRT-III forms arrays or lattices at endosomal membranes, the stoichiometry and architecture of the ESCRT-III complex is currently unknown.
We have examined the solution behavior of the four recombinant yeast ESCRT-III subunits and found that both Snf7 and Vps24 are able to form self-assemblies in vitro, which we have characterized by negative staining and electron microscopy. Snf7 most readily self-associates, forming sheets (some of which are large enough to be observed by eye), filaments, and rings ( Figures 1B-1D ). These Snf7 assemblies have proven too disordered for effective structural characterization, suggesting a high degree of flexibility in the contacts between Snf7 subunits. Human Snf7 has recently been shown to form extensive filaments that arrange in circular arrays when overexpressed in COS-7 cells, similar to the yeast Snf7 rings we observe in vitro (Hanson et al., 2008) . The second self-associating ESCRT-III subunit, Vps24, forms helical filaments suitable for single-particle EM reconstruction. We have modeled the 25 Å helical reconstruction of a two-stranded ScVps24 filament, using the crystal structure of the core of human Vps24 (CHMP3 9-183; Muziol et al., 2006) (Figure 2 ). Each strand of the filament consists of two layers (A and B) of Vps24 molecules. Within each layer, molecules are arranged in a roughly parallel fashion. Contacts made by the a4 helix and the a3/a4 loop are prominent in the interactions within the layers. In the A layer, this region packs into the interhelical groove of the a1/a2 hairpin, and in the B layer, it packs against helix a1 of the adjacent molecule (Figure 3 and Figure S2 ). Interstrand contacts are made largely via the tips of the a1/a2 hairpin, although the variability in pitch that we observe for the two-stranded filaments, together with the presence of higher-order filaments, suggests that both intra-and interstrand contacts are flexible, allowing the angle of molecules with respect to the z axis to vary. Vps24 subunits are highly conserved among orthologs (Muziol et al., 2006) , and this conservation is spread over most of the surface of the structural core of Vps24. Most of the residues involved in intermolecular contacts 
Structure
Structure of Yeast Vps24 Helical Filaments in the model of the helical filaments have a conserved character between Vps24 and Vps2, which is consistent with the suggestion that these subunits assemble as a subcomplex in vivo (Figure S6) (Babst et al., 2002) . Residues in key contact areas that are essential for filament formation (Table 1 and Figure 3 ) are also necessary for efficient cargo sorting in vivo (Figure 4) , suggesting that these homopolymeric Vps24 filaments may involve contacts that mimic those present in the ESCRT-III heteropolymers formed in yeast. We cannot exclude that the mutations affect CPS sorting by disrupting interactions of Vps24 with other components of the sorting machinery. However, mutational data suggest a key role for helix a4 and the a3/a4 loop, consistent with in vivo data from human Snf7, which shows that constructs encompassing helices a1-a4 oligomerize more efficiently than helices a1-a3 alone (Shim et al., 2007) . In the region corresponding to helix a4, there is a notable difference between the types of residues in Vps24 and Vps2 versus those in Snf7 and Vps20 ( Figure S6 ). This structural element may be a part of the mechanism enabling assembly of Vps2/Vps24 versus Snf7/ Vps20 subcomplexes.
The helical filaments observed for Vps24 may be related to the filaments that have been observed in vivo when human Snf7 was overexpressed in COS-7 cells. Similar endogenous filaments (presumably of ESCRT-III components) were observed when an ATP-locked mutant of Vps4 (VPS4B E235Q ) was overexpressed (Hanson et al., 2008) . Both the human Snf7 in vivo and (D and F) Wild-type Vps24 filaments in the presence of Vps4, 2 mM MgSO 4 , and 1 mM ATP (D) or ADP (F). The scale bars represent 100 nm. (G) Quantitation of the ability of Vps4/ATP to disassemble the Vps24 or Vps24-Vps2 chimeric filaments. Fifty images were taken, evenly sampling grids prepared with Vps24 or the Vps24-Vps2 chimera in the presence or absence of Vps4/ATP. The bar graph depicts the total number of filaments found in all of the images for each construct/condition. (H-J) Sedimentation assay of Vps4-mediated disassembly of Vps24-Vps2 chimera assemblies (H). Chimeric Vps24-Vps2 was incubated with Vps4 and either ADP or ATP, as indicated. The proteins were centrifuged and the pellet (P) and supernatant (S) fractions were analyzed by SDS-PAGE. An InstantBlue (Novexin) stained gel is shown. Individual proteins, Vps4 (I) or Vps24-Vps2 (J), incubated with either ADP or ATP were analyzed in the same manner. Vps4 in the presence of ATP increases the fraction of soluble (nonpolymerized) Vps24-Vps2 chimera (H). Most of the Vps4 was soluble in the presence of ATP, whereas in the presence of ADP more Vps4 was associated with the pellet, presumably bound to polymerized Vps24-Vps2 chimera (H). (E) Quantitation of the ability of Vps4-L64D to disassemble wild-type Vps24 or chimeric Vps24-Vps2 filaments (prepared as in Figure 5G ). the yeast Snf7 in vitro form 4-6 nm filaments that are narrower than the 15 nm yeast Vps24 two-stranded filaments. These Snf7 filaments may represent a single-strand helical filament; however, this is speculative.
Here we have expressed a chimeric ESCRT-III construct capable of simultaneously forming filaments and binding to Vps4. The chimera consists of the a1-a5 helices of ScVps24 (residues 1-179) and the C-terminal, Vps4-binding region of ScVps2 (residues 181-232; Figure 5A ). The AAA-ATPase responsible for ESCRT disassembly in yeast, Vps4, was able to disassemble the chimeric assemblies in vitro, in a MIT-domain and ATP-dependent manner. Full-length Vps4 in the presence of ADP was able to bundle the chimeric filaments to form large curved cables of filaments. These bundles presumably consist of Vps4 oligomers simultaneously bound to multiple chimeric filaments and could represent a possible higher-order form of the ESCRT-III array that could exist on membranes, perhaps via interactions between ESCRT-III and MIT-domain-containing accessory proteins (Tsang et al., 2006) . Such bundling is also observed in vivo when Snf7 is expressed together with the hydrolysis-deficient VPS4B E235Q (Hanson et al., 2008) . Therefore, Vps4 seems able to both bundle and dissociate ESCRT-III polymers. An additional similarity between the Vps24-Vps4 ( Figure 5E ) and Snf7-Vps4 (Hanson et al., 2008) assemblies is their tendency to form highly curved bundles. Formation of bundles of heteropolymers of ESCRT-III filaments may be an important step toward membrane deformation. Indeed, human Snf7 coexpressed with the hydrolysis-deficient VPS4B E235Q forms buds and tubules that protrude away from the cell surface (Hanson et al., 2008) .
In the yeast cytosol, the ESCRT-III subunits exist as soluble monomers, with growing evidence that an internal interaction between their N and C termini holds the monomers in an inactive, autoinhibited state (Shim et al., 2007; Zamborlini et al., 2006; Azmi et al., 2008; Lata et al., 2008) . The trigger for release of this inhibition and assembly of the ESCRT-III complex on endosomal membranes is unclear. Protein modifications or interactions with other ESCRT proteins, such as that between Vps20 of ESCRT-III and Vps25 of ESCRT-II, could account for this activation (Teo et al., 2004; Yorikawa et al., 2005) , as could interactions with the lipid membrane itself or with unknown protein factors. It is possible that the affinity of the autoinhibitory interaction among the ESCRT-III proteins varies. Our data suggest that two of the ESCRT-III subunits, Snf7 and Vps24, can overcome this autoinhibition and form self-assemblies unaided in vitro, suggesting that they have more lax internal interactions than other ESCRT-IIIs. External factors, such as the high protein concentrations used in this study, may decrease the barrier to selfassociation, contributing to the formation of the assemblies we observed. The yeast ESCRT-III subunits that do not spontaneously self-associate (Vps20 and Vps2) may be performing different functional roles in the ESCRT-III reaction. Vps20 is required for membrane recruitment of Snf7 (Babst et al., 2002) and thus may ''nucleate'' Snf7 filaments (as proposed in Hurley, 2008) . By forming a subcomplex with Vps24 filaments, Vps2 could recruit multiple Vps4(ATP)-Vta1 complexes (both directly and indirectly via ESCRT-III-associated proteins) to the ESCRT-III lattice, facilitating ATP-dependent disassembly Nickerson et al., 2006; Obita et al., 2007; Saksena et al., 2007) .
Differences between the autoinhibitory capabilities of ESCRT-III subunits would suggest that the properties and functions of the N and C termini vary among ESCRT-III components. Indeed, the affinity of ESCRT-III C termini for MIT domains has been shown to vary among ESCRT-III subunits (Obita et al., 2007; Stuchell-Brereton et al., 2007; Azmi et al., 2008) . Here we have shown that the expression of a chimeric Vps24-Vps2 protein in yeast strains deficient for Vps2 and Vps24 was unable to rescue the GFP-CPS cargo-sorting defect ( Figure S5 ). This suggests that the C terminus of Vps24 and the N terminus of Vps2 have important functions in vivo that remain to be characterized. The data suggest that the properties and functions of the ESCRT-III components are likely to vary greatly among the individual subunits, highlighting the complexity of ESCRT-III autoinhibition and function.
We have shown that Vps24 and Snf7 have the ability to self-assemble in vitro. When equipped with a MIT-interacting motif, the ESCRT-III filaments can be assembled further into large, curved bundles in a MIT-dependent manner that are disassembled only in the presence of Vps4 and ATP. The ability of Vps4 to organize ESCRT-III filaments into curved bundles is unexpected in light of its function in ESCRT disassembly, but might be critical for membrane deformation.
EXPERIMENTAL PROCEDURES Plasmids
The sequences encoding full-length Saccharomyces cerevisiae Vps24 (amino acids 1-224) and Vps2 (amino acids 1-232) were optimized for codon usage in Escherichia coli, synthesized (http://www.genscript.com/), and inserted into a pUC57 vector. They were then subcloned into the expression vector pOPTH-tev using NdeI-BamHI sites, resulting in an MAH 6 SSGSENLYFQGSH affinity tag with a TEV-cleavage site immediately preceding the Met1 residue. Full-length ScVps4 (amino acids 1-437) and Snf7 (amino acids 1-240) were PCR amplified from genomic DNA and cloned into the pOPTH expression vector, resulting in an N-terminal MAH 6 affinity tag. ScVps24 (1-186) and ScVps24 (10-224) were cloned into the pOPTH-tev vector, and ScVps4 (122-437) into the pOPTG expression vector and expressed with an N-terminal GST tag. Point mutations were generated by overlapping PCR or by using the QuikChange mutagenesis kit (Stratagene). The Vps4 (1-437) L64D mutant was subcloned into the pOPTG vector and expressed with an N-terminal GST tag. The chimeric ScVps24 (1-179)-ScVps2 (181-232) protein was generated using overlapping PCR and cloned into the pOPTH-tev vector. All plasmids were verified by sequencing.
For expression in yeast, ScVps24 (1-224) and ScVps24 (1-179)-ScVps2 (181-232) with the original S. cerevisiae codon usage were cloned into the yeast vector pRB415A encoding an N-terminal Myc tag. Vps24::His (Vps24 replaced by the His gene) yeast strains were transformed with ScVps24 (1-224) or with ScVps24 (1-224) point mutants as previously described (Efe et al., 2007) and analyzed by microscopy. All plasmids were verified by sequencing.
Expression and Purification of Proteins
All constructs were expressed in C41 (DE3) cells, grown at 37 C to OD 600nm = 1.0, and then induced with 0.3 mM IPTG at 37 C for 3 hr. All His 6 -tagged proteins were purified by Ni
2+
-affinity, heparin-Sepharose, Q-Sepharose, and gelfiltration chromatography. Where a cleavable His 6 tag was used, overnight TEV protease cleavage preceded the Q-Sepharose purification step. Snf7, chimeric Vps24-Vps2, and all Vps24 constructs were gel filtered in buffer A (20 mM Tris [pH 8.0], 100 mM NaCl). For Vps4, the heparin-Sepharose purification step was omitted and the proteins were gel filtered in buffer B (20 mM Tris [pH 7.4], 100 mM NaCl, 2 mM DTT or 2 mM b-mercaptoethanol).
The GST fusion proteins were purified on glutathione-Sepharose 4B (GE Healthcare). The resin was washed with buffer C (20 mM Tris [pH 7.5], 100 mM NaCl, 2 mM b-mercaptoethanol) followed by buffer D (20 mM Tris [pH 7.5], 200 mM NaCl, 2 mM b-mercaptoethanol) and finally buffer C again. Protein was cut from the beads by overnight TEV cleavage and the cut material was subjected to gel filtration in buffer B.
Specimen Preparation and EM Imaging
Copper grids (400 mesh, 3.05 mm; Agar Scientific) were carbon coated as previously described (Bernal and Stock, 2004) . For ScVps24 reconstruction, protein samples purified as described were diluted to 1 mg/ml with buffer A and pipetted onto the surface of the carbon grid. After 30 s, the samples were blotted off with filter paper and stained with 2% (w/v) uranyl acetate. Grids were then left to air dry. Images were collected on an EM208 transmission electron microscope (Philips) at a nominal magnification of 40,0003. Images were recorded on Kodak SO-163 film and scanned on a KZA scanner (Henderson et al., 2007) to give a final sampling of 1.25 Å /pixel.
Image Processing and 3D Reconstruction
The BOXER program of the EMAN 1.8 software package (Ludtke et al., 1999) was used to manually select two-stranded filaments from which 85,000 segments were cut as 200 3 400 pixel boxes at 1.25 Å /pixel with a 369 pixel overlap. All images were compressed by averaging adjacent pixels to 5 Å /pixel, and padded to 100 3 100 pixel boxes, followed by a band-pass filter (highresolution cutoff, 1/[20 Å ]; low-resolution cutoff, 1/[250 Å ]) and normalization. Variability in pitch was estimated from the axial distance of the layer line with Bessel order 2 on summed power spectra, and a series of smooth helices with pitches that sampled this range (240-350 Å ) was generated. The two-stranded data set was sorted against these helices and images from each pitch bin were extracted and treated separately. Power spectra were generated from the separate pitch bins and where possible used to estimate the rise per subunit of the filament segments and therefore the number of subunits per turn. These values were used to run the IHRSR software (Egelman, 2007; Frank et al., 1996) using a solid cylinder as a starting model for bins with mean pitches of 260, 270, 280, 290, 300, and 310 Å . The reconstruction from images in the 260 Å bin was chosen for modeling, on the basis of the number of images it contained and power spectra quality. To try to improve the 260 Å pitch model, the remaining heterogeneity of the data set was addressed. In order to do this, at each iteration, 20% of images with the lowest correlation coefficients were excluded from contributing to the 3D model for the next iteration. However, inclusion of this step did not significantly affect the appearance or final helical parameters of the model, and the reconstruction from data treated in this way is shown in the figures. After 50 cycles, the analysis showed that in addition to the helical symmetry (rotation of 38.5 degrees and translation of 27.3 Å per subunit), there was also two-fold rotational symmetry. To estimate the resolution of the final reconstruction, the two-stranded data set was split randomly in half and used to generate two independent reconstructions (Yang et al., 2003) . The resolution of the reconstruction was estimated as 25 Å using the 0.5 Fourier shell correlation criterion. Visualization of the EM surface envelope was done using the UCSF Chimera package (Pettersen et al., 2004 ). The atomic model of Vps24 (Protein Data Bank ID code 2GD5; Muziol et al., 2006) was docked by eye into the EM reconstruction of the ScVps24 filament, the shape of which strongly restricts the possible molecular packings. Helical symmetry was applied to the atomic coordinates of a repeating unit to generate the filament model. Inter-and intrastrand contact regions were identified and used to design mutants that were expressed as described.
Microscopy of ScVps24 Mutants
Cells expressing fluorescent fusion proteins were grown in minimal media to OD 600nm = 0.5. Cells were stained with FM4-64 as previously described for visualizing the vacuolar membrane or the class E compartment (Vida et al., 1993) . Microscopy was performed using a Delta Vision RT microscope (Applied Precision) equipped with FITC and rhodamine filters. Images were captured with a digital camera (Cool Snap HQ, Photometrics).
Sedimentation Analysis of Filament Disassembly
Vps24-Vps2 chimeric filaments were mixed with the Vps4 constructs, 2.5 mM each, in the presence of 0.5 mM ATP or ADP and 0.5 mM MgCl 2 . Reaction mixtures (30 ml) were incubated at 4 C for 20 min. After ultracentifugation in a TLA100 rotor at 50,000 rpm for 30 min at 10 C, the supernatants were removed and 10 ml of 43 SDS sample buffer was added. Pellets were dissolved in 40 ml 13 SDS sample buffer. Equal volumes of supernatant (S) and pellet (P) fractions were analyzed on a 4%-12% Bis-Tris gel run with MES buffer (Invitrogen). Gels were stained with InstantBlue (Novexin).
EM Analysis of Filament Disassembly
Preformed Vps24 and Vps24-Vps2 chimeric filaments were mixed with the Vps4 constructs in a 2:1 molar ratio, with a final concentration of 20 mM Vps24/chimera. The reactions were performed in the absence or presence of 1 mM ATP or ADP (Sigma; neutralized) and 2 mM MgSO 4 . Reaction mixtures were incubated at 4 C for 10 min and used to make grids for EM analysis as described. Control reactions of Vps24/chimera with ATP or ADP and MgSO 4 and Vps4 protein alone were also carried out. For the quantitation of filament disassembly, 50 images were taken at a nominal magnification of 40,0003, evenly sampling EM grids in a rectilinear pattern with 130 mm intervals.
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